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ABSTRACT: Biodegradable and renewable UV-shielding
films are highly demanded to meet the increasing sustainable
requirement for the environment. Lignin as a natural broad
UV blocker has gained considerable attention; however, the
poor dispersibility within synthetic polymers limited its
applications. Thus, a bioinspired melanin-like polydopamine
thin layer was incorporated for the first time with lignin
nanoparticle (LNP) in this effort, forming a UV-blocking
core—shell lignin—melanin nanoparticle (LMNP) with higher
compatibility and durability. Subsequently, LNP, LMNP,
melanin nanoparticles (MNP), and a mix of LNP and MNP
(MixNP) were compounded with poly(butylene adipate-co-
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terephthalate) (PBAT), to enhance the UV-barrier capability and photostability of PBAT films. The incorporated LMNPs were
well distributed into PBAT, leading to improved tensile properties and thermal stability of the resulting films. All these films
possessed remarkable UV-blocking capacity at NP concentration ranging from 0.5 to 5 wt %, blocking almost all of UV-A and
more than 80% of UV-B light, while an appreciable optical transmittance could also be achieved. The PBAT—LMNP films
displayed a high UV-shielding stability and the best retention in mechanical properties after UV exposure for 40 h. This work
provides a very promising approach for fabricating biodegradable PBAT-based UV-blocking films for potential applications in
agricultural or food packaging materials where the UV resistance is highly required.
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B INTRODUCTION

UV radiation is responsible for the photodegradation of
polymeric materials, leading to yellowing and deterioration of
mechanical properties.”” Therefore, organic UV absorbers or
inorganic UV blockers have been extensively used for
protecting polymeric materials from UV radiation. Traditional
organic UV absorbers, such as octinoxiate, oxybenzone, and
avobenzone, offer good UV resistances. However, they could
form aggregate and migrate in polymer matrixes, and some of
them even have negative effects on human health or the
environment.”* Metal oxide nanoparticles, such as TiO,,
CeO,, SiO,, and ZnO, are unable to absorb lights at lower
energies than their inherent band gaps, resulting in incomplete
UV blocking,” and often have photocatalytic effects on
polymer matrixes.®

-4 ACS Publications  © 2019 American Chemical Society 4147

Natural compounds with radiation protective properties
have gained considerable attention.”® Among them is lignin
that can be extracted from agricultural waste and is rich in
aromatic rings, which is the second most abundant renewable
biomass on the Earth.”'® The phenolic units, ketones, and
chromophores in lignin structure make it a natural broad UV
blocker to screen almost the whole spectrum of UV light.'""*
Lignin can also act as an antimicrobial and antifungal agent and
also an antioxidant.">"* Despite its numerous advantages, the
untreated lignin has poor dispersibility within synthetic
polymers due to the 7— stacking aromatic rings and hydrogen
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bonds between lignin chains,"*™"” exhibiting detrimental

impact on the properties of the resulting composites. In
addition, the large particle size of commercial lignin limits its
more extensive applications in composite materials. Therefore,
acidolysis,"® nanoprecipitation,'’ sonication,” and hydroxy-
methylation approaches™' have been used to synthesize lignin
nanoparticles (LNP) for making polymer—lignin nanocompo-
sites. Possessing higher radical scavenging activity,”” the lignin
NPs (LNP) can significantly improve the thermo-mechanical
properties of nanocomposites based on polymers such as
poly(vinyl alcohol),” phenolic foams,** polylactic acid,” and
wheat gluten.”® However, it was reported that as-prepared LNP
tended to degrade under UV irradiation, and their degradation
products had negative effect on the material performances.”>”’
Therefore, stable LNP under irradiation are crucial for their
usage as UV blocker.

Melanin is a well-known biomacromolecule present in
almost all living organisms. Aside from its biological functions,
it displays many attractive features, such as photoprotection,
thermore§ulation, metal-ion chelation, and free-radical scav-
enging.”®”’ The incorporation of sepia eumelanin in poly(vinyl
alcohol) films could remarkably enhance the UV-shielding
properties and photostability.’® The functional groups, such as
—OH, —NH, and —COOH, in melanin allow the formation of
strong hydrogen bonding with polymer chains containing polar
groups, achieving dramatic enhancement in mechanical
properties for the resulting nanocomposites.”’ Artificial
melanin-like NPs are usually prepared through auto-oxidation
of dopamine in alkaline aqueous solution, resulting in cross-
linked polymers having similar chemical and physical proper-
ties to natural melanin.”> Moreover, polydopamine (PDA) can
deposit spontaneously on the surface of a wide range of
inorganic and organic materials, forming durable thin PDA
films.**> This provides a facile method for surface treatments
and gives possibility to produce materials with complex
structures, like capsule and core—shell,**** which is expected
to be applicable for making core—shell photostable LNP. The
synergetic effects of lignin and melanin on enhancing the UV-
blocking property and stability are discussed, allowing for a
reduced usage of NP.

As a promising biodegradable copolyester, poly(butylene
adipate-co-terephthalate) (PBAT) possessed good mechanical
properties which are comparable to those of polyethylene.’® A
lot of works have been conducted on PBAT in the last decades
for its applications in agricultural, food packaging, and
biomedical areas.’”*® However, its poor photostability leads
to the severe deterioration of its mechanical performance
during applications, which remains as the magor limitation for
PBAT usage, especially as mulching films.””*’ In our previous
work,*' modified SLs with 10-undecenoic and oleic acids were
used for improving photostability of PBAT. The resulting films
possessed excellent UV protection on the whole range of 280—
400 nm. But high loadings of modified SL (>10 wt %) were
required due to SL dispersed in PBAT matrix having large
particle sizes (~10 ym), leading to poor transparency of the
films.

Herein, a lignin nanoparticle is introduced for enhancing the
UV barrier property of PBAT while reducing the SL loading.
The LNP were coated with a layer of rigid UV-resistance PDA
to form core—shell lignin—melanin NPs (LMNP) via in situ
polymerization of dopamine on the surface of LNP. The
LMNPs were blended with PBAT to prepare films via
compression molding. The deposition of the PDA on the
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LNP surfaces was examined by X-ray photoelectron spectros-
copy (XPS), FTIR, and elemental analysis (EA). The SEM
measurement was used to investigate the dispersion of the
LMNP in the PBAT matrixes. Tensile properties and thermal
stabilities of the resulting nanocomposite films were evaluated.
UV-blocking capacity and photostability of the PBAT
nanocomposite films were also investigated.

B EXPERIMENTAL SECTION

Materials. Sulfur-free alkaline soda lignin (SL, Protobind 1000) is
supplied by Green Value SA (Switzerland). It is obtained from a
mixture of wheat straw (Triticum sp.) and Sarkanda grass (Saccharum
officiarum) by extraction and fractionation following a patented
process.*” The SL has a low molecular weight with low residual ether
bonds and high degree of condensation.*> As reported by Buono et
al, the lignin has a number-average molecular weight (M,) of 838 g-
mol™" and initial —OH content of 5.2 mmol-g”" estimated from *'P
NMR.** The SL was used as received without further purification.

Dopamine hydrochloride was purchased from Sigma-Aldrich,
sodium hydroxide (>99%) from Carl Roth, Tris (99.96%) from
Euromedex, and acetone (>95%) from Acros Organics. All chemicals
were used as received.

Poly(butylene adipate-co-terephthalate) (PBAT) pellets (Biocosafe
2003 F) were kindly provided by Xinfu Pharmaceutical Co., Ltd,,
China. The pellets have a mole ratio of aromatic to adipic of 45:55,
M, of 39700 g-mol™’, polydispersity index of 2.9, density of 1.26 g-
cm™, and melt index of 3.5 deg'min™" (ISO 1133, 190 °C/2.16 kg).
They were dried under vacuum at 50 °C for 24 h prior to use.

Preparation of Nanoparticles. Lignin Nanopatrticles. The LNP
were prepared following the procedure reported by Yearla et al."’ In
brief, SL (10 mg/mL) was dissolved in acetone and water (9:1, v/v)
and filtered through a 0.2 pm Millipore membrane to remove
undissolved particles. The filtrate was added rapidly (<1 min) to
deionized water with a volume proportion of 1:2.66 at a stirring speed
of 500 rpm. Parallel experiments with a volume ratio (filtrate/water)
of 1/2, 1/3, and 1/4 were also conducted. After continuous stirring
for 30 min at 20 °C, acetone was removed under vacuum by rotary
evaporation (Buchi Rotavapor R-205, Hampton, U.S.A.). The
suspension was then centrifuged (Sigma 3K30, Osterode am Harz,
Germany) at 20 °C and 5000 rpm for 1S min to remove the
aggregates. The LNP were easily retrieved from the supernatant after
centrifugation (40 min, 16500 rpm, S °C) and redispersion processes
in deionized water. The LNP were further used for the synthesis of
lignin—melanin core—shell nanoparticles LMNP and the following
preparation of PBAT—LNP composites.

Lignin—Melanin Core—Shell Nanopatrticles. After the removal of
larger LNP aggregates using low speed centrifugation (S min, S000
rpm, 20 °C), a given amount of dopamine hydrochloride was
dissolved in the supernatant at a concentration of 1 g-L ™, followed by
an adjustment of pH value to 8.0 using Tris buffer (30 mM). The
reaction was allowed to proceed for 24 h at 35 °C under constant
stirring. The collection and purification of LMNP were conducted
under the same conditions used for the preparation of the LNP.

Melanin Nanoparticle_s (MNP). The MNP were prepared following
the protocol of Ju et al.*® Specifically, dopamine hydrochloride (270
mg) was dissolved in 300 mL of deionized water. Under vigorous
stirring, 1.8 mL of 1 N NaOH solution was added at 70 °C. The color
of the solution turned into pale yellow when NaOH was added and
changed to dark brown afterward. After 2.5 h, low-speed
centrifugation at 5000 rpm and 20 °C for 15 min was used to
remove large particles. The MNP were then retrieved by
centrifugation at 16 500 rpm and S °C for 30 min and washed
repeatedly with deionized water.

Preparations of Films. The PBAT resin was compounded with
10 wt % LNP, LMNP, a mixture of MNP and LNP at 14.1:85.9 in
weight (MixNP), and MNP, respectively, in a twin-screw micro-
compounder (Xplore 15 cc, DSM, Geleen, Netherlands) for making
masterbatches. Ten grams of masterbatch and PBAT blends at various
ratios were prepared batchwise in the microcompounder at 130 °C for
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Scheme 1. Schematic Illustration of the Procedure for the Preparation of Lignin (LNP) and Lignin—Melanin Core—Shell

Nanoparticles (LMNP)
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Figure 1. SEM images of nanoparticles retrieved by centrifugation: (a) LNP, (b) LMNP, and (c) MNP.

an extrusion time of 7 min with recirculation under N, and screw
speed of 100 rpm. The PBAT—NP composites strands with 0.5, 1.0,
2.0, and 5.0 wt % NP loading were extruded and cut into pellets with a
diameter of 3—5 mm and length of 3 mm. The pellets were pressed
with a Carver 3851-0 hot press machine (Wabash, U.S.A.) at 140 °C
and 400 bar for 5 min and cooled down to room temperature under
the same pressure to prepare films with thickness of approximately 50
pum. Neat PBAT films were also made as reference.

Irradiation of Films. All films were irradiated for 40 h in a Suntest
CPS+ chamber (Atlas, Linsengericht, Germany), using a xenon lamp
and solar standard filter (filter according to COLIPA and DIN
67501). The measurement condition was simple daylight 400 W-m™>
and black panel temperature at 63 °C.

Characterization. Elemental Analysis, EA. The elemental
compositions of the NPs were determined using a Truspec CHN
analyzer (Leco, Saint Joseph, U.S.A.), based on catalytic combustion
at 950 °C followed by infrared (C, H) and thermal conductivity (N)
detection. The instrument was calibrated using certified BBOT (2,5-
bis(S-tertbutylbenzoxazol-2-yl) thiophene).

X-ray Photoelectron Spectroscopy, XPS. The chemical composi-
tions of the NP surfaces were determined using XPS. The
measurements were carried out on a VG ESCALAB MARK II
spectrometer (VG Instruments Inc., Stanford, U.K.) with a Mg Ka X-
ray source (photon energy: 1253.6 eV). The spectra were acquired in
a CAE mode (constant analyzer energy) with analyzer pass energies of
50 eV, with a step size of 0.2 e V for the C 1s, N 1s, and O 1s
photoelectron lines and 0.5 eV for survey scans in the range of 0—
1000 eV.

FTIR and UV-Vis Absorption Spectroscopy. The FTIR-ATR
spectra in the wavelength range of 4000—400 cm™" were acquired at a
resolution of 4 cm™ using a Bruker Tensor 27 spectrometer
(Ettlingen, Germany). The transparencies of the PBAT and PBAT—
NP films in the 280—800 nm range were measured with a Lambda 35
UV/vis spectrometer (PerkinElmer, Shelton, U.S.A.).

Dynamic Light Scattering Analysis (DLS). The z-average particle
sizes and particle size dispersities of the NPs were characterized using
a Malvern Zetasizer ZEN 3600 instrument (Malvern Instruments
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Ltd., Worcestershire, U.K.). The samples were prepared by diluting
the reaction solutions of the NPs before centrifugation in deionized
water.

Thermogravimetric Analysis (TGA). TGA tests of all the NPs,
PBAT—NP composites, and PBAT as-prepared were conducted using
a STA 409PC Luxx apparatus of NETZSCH (Selb, Germany).
Approximately 30 mg of sample was heated to 800 °C at a rate of 10
°C'min~" under nitrogen atmosphere.

Differential Scanning Calorimetry (DSC). The DSC measure-
ments for all the predried PBAT and PBAT—NP composites were
carried out on a TA DSC Q200 calorimeter (TA Instruments) under
nitrogen atmosphere, with typical heating/cooling/heating cycles
from —70 to 180 °C at a heating/cooling rate of 10 °C-min~’. The
glass transition temperature (T,) and melting temperature (T,,) were
obtained on the second heating run, while the melt crystallization
enthalpy (AH,) was collected on the cooling run.

Uniaxial Tensile Test. Tensile properties of the films were
measured by an Instron 5967 universal testing machine (Norwood,
MA, USA.) at room temperature according to ASTM D882. The
samples were dried overnight at 40 °C under vacuum and
preconditioned for the following 2 days in the measurement
environmental conditions. For each sample, five dumbbell shaped
specimens with the width of 12.5 mm and length of 75 mm were
tested. The drawing speed was set at 50 mm-min~".

Scanning Electron Microscopy (SEM). The SEM images of all
NPs, cross sections of all PBAT—NP composites, and PBAT as-
prepared were obtained on a Quanta FEG 200 environmental SEM
(FEI, Eindhoven, Netherlands). The extruded strands were fractured
in liquid nitrogen, and the fractured surfaces were observed. The
images were obtained under 150 Pa pressure, acceleration voltage of 6
kV, and electron beam spot size of 9.7—10.0.

B RESULTS AND DISCUSSION

Preparation and Characterization of NPs. A nano-
precipitation method was employed to fabricate LNP. The
nanoprecipitation is known as a green, facile, low energy input,
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and relatively quick process to prepare polymeric nano-
particles.”® In brief, a polymer is dissolved in a water miscible
organic phase and subsequently mixed with an aqueous
solvent, triggering the precipitation of the polymer to form
nanoparticles with controlled sizes and dispersity.”** In our
work, the dispersions obtained from the nanoprecipitation
process either underwent centrifugation to collect the LNP or
served as seed and reaction media for the preparation of
LMNP (Scheme 1). During the polymerization of dopamine
for the preparation of LMNP, the color of the dispersions
changed from beige to dark brown. To date, the mechanism for
dopamine polymerization process is still not fully understood.
Herlinger et al. proposed a mechanism in which, in the
presence of O, and basic condition, the hydroquinone group of
dopamine deprotonates and oxidizes to be dopamine quinone,
which in turn becomes leuco-dopamine chrome via intra-
molecular cyclization. Leuco-dopamine chrome then forms
5,6-dihydroxyindole by oxidation and rearrangement to yield
the insoluble cross-linked polymeric materials known as
“melanin”.*’ Tt is expected that the catechol groups in the
PDA shell can covalently interact with li§nin given the
abundance of hydroxyl groups on its surface.”>"’

The surface topography images of the LNP, MNP, and
core—shell LMNP were observed by SEM as shown in Figure
1. Although all the NPs could be well dispersed in water,
Figure la shows that the LNP appeared to form a bulk of
aggregated particles without clear interfacial boundaries after
centrifugation. By deposition of PDA on the surface of LNP,
the spherical shape of LMNP could be clearly observed (ca.
110 nm, Figure 1 b) and is analogous to the MNP (ca. 183 nm,
Figure 1 c). The presence of closely covered PDA layers
endowed higher rigidity to LMNP, resulting in a surface
topography change for the LNP." The DLS analysis was also
carried out for the NPs to measure their particle sizes in water.
As depicted in Figure 2, the DLS curves show that the average
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Figure 2. Particle size distribution of nanoparticles determined by
DLS.

sizes of LNP, LMNP, and MNP are ca. 124, 125, and 200 nm,
respectively. For the LMNP and MNP, the weight-average
sizes determined by DLS are slightly larger than those obtained
from the SEM, which are number-average based. The addition
of the Tris buffer in the LNP dispersion, which triggered the
subsequent PDA deposition, resulted in decrease of the LNP
sizes from approximately 124 to 118 nm (Figure 2). This
might due to partial dissolution of the LNP with increasing pH
since the SL is more soluble under basic conditions than under
acidic or neutral ones.

The influence of the experimental conditions on the LNP
sizes was also investigated by the DLS. Figure S1 shows that
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the LNP sizes decreased from 150 to 75 nm when the ratios
between the filtrate and water were changed from 1:2 to 1:4.

The surface chemical compositions for different NPs were
determined by XPS. Efficient deposition of PDA on the LNP
surfaces was verified by the appearance of N 1s signal in the
spectrum of the LMNP, which was absent in the LNP prior to
PDA coating (Figure 3). Two peaks were evidenced via the
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Figure 3. X-ray photoelectron spectroscopy wide scans for the LNP,
LMNP, and MNP. The inset highlights the N 1s core-level spectra.

curve deconvolution of N 1s core-level spectra of the MNP
and LMNP, which could be attributed to N, ;.. (=N—, 398.5
eV) and N,,,.. (—NH—, 399.5 eV), respectively. The
percentages of Ny .. and N, ;.. in the LMNP were 81 and
19%, respectively, which were the same as those in the MNP
(83 and 17%), suggesting the formation of a PDA layer on the
LNP. The nitrogen-to-carbon signal ratio (N/C) was also
estimated to be 0.133 for the MNP, which is close to the
theoretical value of 0.125 for dopamine.33 However, the N/C
ratio for the LMNP was 0.081, suggesting an incomplete
coverage of PDA on the LNP surfaces, likely due to the
formation of thin and rough layers in several nanometers.”
The FTIR spectra of the LNP, LMNP, and MNP were
collected as shown in Figure 4. The LNP show a broad peak
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Figure 4. FTIR spectra for the LNP, LMNP, and MNP.

from 3594 to 3026 cm', belonging to the phenolic and
aliphatic O—H stretching. The signals located at 2930 and
2849 cm™' mainly arise from aliphatic C—H stretching.
Another distinctive resonance at 1696 cm™' originates from
the conjugated carbonyl stretching. The peaks at 1118 and
1027 cm™' are indicative of the in-plane deformation of
aromatic C—H from syringyl (S) and guaiacyl (G) structures,
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respectively, together with their out of plane bending appearing
at 815 cm™'.>> The MNP have no overlapping peaks to the
lignin footprints, with the exception of a broad signal present
above 3000 cm™'. The predominant N—H stretching can be
observed at 3330 cm™". The peculiar C=N stretching at 1540
cm™! indicates the presence of aromatic amine species.”* The
LMNP show a very similar FTIR spectrum to the LNP, with
decrease of relative intensities for the aliphatic C—H stretching
(at 2925 and 2847 cm™'), conjugated C=O stretching (at
1696 cm™'), and C—H deformation of G and S (at 1118 and
1027 cm™"). The broad band peak above 3000 cm™" shifts
from approximately 3450 to 3380 cm™' with the formation of
PDA, confirming the presence of N—H stretching. The C=N
stretching appears at 1540 cm™.

To determine the weight ratio of lignin and PDA in the
LMNP, the EA measurements were conducted for the MNP,
LMNP, and LNP. The weight percentages of N, C, and H for
all samples are summarized in Table 1. The MNP had the

Table 1. Elemental Compositions in the LNP, LMNP, and
MNP Obtained with Combustion Elemental Analysis

mean + SD (wt %)

sample N C H

LNP 0.6 + 0.0 67.4 + 0.1 $.7 £ 0.0
LMNP 1.7 £ 0.0 64.3 + 1.5 5.8 +02
MNP 8.5+ 0.0 56.1 £0.5 3.5 +£01

highest N content (~8.52 wt %) among the three samples,
while only a trace amount of N (~0.62 wt %) was detected in
LNP. The LMNP had an N content of 1.73 wt %. From the N
values of the three samples, the weight percentage of PDA
(Yppa) in the LMNP can be estimated using eq 1.

[Nl amve — [Nlinp
[Nlyne — [Nlinp (1)

where [Ny [N]inp, and [N]yp refer to the contents of N
in the corresponding NPs, respectively. Using eq 1, the ypp, in
the LMNP was obtained as 14.1 wt %. The contents of C and
H in the LMNP can thus be estimated as 65.8 and 5.4 wt %,
respectively, which are consistent with the measured values of
64.3 and 5.8 wt %.

Thermal degradation behaviors of the LNP, LMNP, and
MNP were also investigated under nitrogen atmosphere
(Figure S). All the samples displayed multistep weight loss.
The LNP had small mass loss between 90 and 120 °C,

X 100

corresponding to the removal of residual water."* The value of
T, (calculated at mass loss of $%) was 223.5 °C, which
appeared at a slightly lower temperature compared to neat
lignin of 235.8 °C. The char yield at 800 °C reduced markedly
from 44.0% of SL to 35.4%,*" which could be attributed to the
removal of undissolved fraction during the preparation of the
LNP. The MNP also displayed a weight loss at less than 100
°C owing to high hygroscopicity of melanin.”> The PDA layer
on the surface of LNP dramatically increased its thermal
stability despite the PDA constituting only 14 wt % of LMNP.
The mass loss between 230 and 480 °C was considerably
reduced, and the char yield was very close to that of the MNP
value of 50.0 wt %.

PBAT—NP Nanocomposites. The LNP, LMNP, a mixture
of MNP and LNP at 14.1:85.9 in weight (MixNP), and MNP
were melt-blended with PBAT at 0.5, 1.0, 2.0, and 5.0 wt %
loading. The resulting composites were analyzed to investigate
the influence of the NPs on the thermal, physical, and
morphological properties of PBAT.

SEM micrographs of the cryo-fractured surfaces of the
PBAT nanocomposites are presented in Figure 6. All the NPs,
independent of their nature, could be easily dispersed in the
PBAT matrix at 5 wt % loadings. The LNP, although
agglomerated after the centrifugation (Figure 1 a), showed a
good dispersibility in the PBAT matrixes, suggesting a better
compatibility with polyester materials than the SL.>* The
LMNP (Figure 6b) were stable under vigorous shearing during
the extrusion, and few PDA shells were broken during the
process, suggesting a strong adhesion between PDA and SL
through the covalent interactions. The MixNP with PBAT
(Figure 6c) showed no aggregation between lignin and
melanin NPs. However, for nanocomposites with 5.0 wt %
MNP (Figure 6d), some NP agglomerations are found across
the fractured surfaces, suggesting the presence of SL promotes
the dispersibility of PDA material in PBAT.

The thermal stabilities of the PBAT nanocomposites from
0.5 to 5 wt % NP loadings were evaluated by TGA, and the
results are shown in Figures 7 and S2. The T4  and residual
mass at 750 °C are summarized in Table 2. It can be seen that
PBAT underwent a one-step degradation process with an
initial decomposition temperature Ty of 369 °C and a major
weight loss occurring around 400 °C as evidenced by the DTG
curves (inset plots of Figure 7). Except for the sample
containing 0.5 wt % of MNP, the thermal stability of the whole
set of nanocomposites showed a slight increase compared to
the neat PBAT, which is attributed to the contribution from
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Figure 5. TGA (a) and DTA (b) thermograms of the LNP, LMNP, and MNP.
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Figure 6. SEM images of cryo-fractures of PBAT—NP nanocomposites (a) LNP, (b) LMNP, (c) MixNP, and (d) MNP. All samples contain 5.0 wt

% of NPs.
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Figure 7. TGA and DTG curves in nitrogen for neat PBAT and PBAT—LNP, PBAT—LMNP, and PBAT—MixNP nanocomposites containing (a)

0.5 and (b) 5.0 wt % of NPs.

radical scavenging effects of SL and PDA. As shown in Table 2,
the T, shifts from 369 °C of PBAT to 371-377 °C of PBAT
nanocomposites.”*® This enhancement of thermal stability
was more obvious at low NP contents and turned to be
reduced with the increase of NP loading. For instance, samples
containing 5 wt % of NPs had the Ty very close to neat
PBAT, indicating the radical scavenging function of the NP
was compromised by their intrinsic thermal degradation.

The DSC analyses were also carried out to investigate the
crystallization temperature T,, glass transition temperature T,
melting temperature T,,, and enthalpy (AH,,) of PBAT and its
nanocomposites. The thermograms of cooling and the second
heating run of nanocomposites at 0.5 and 5.0 wt % NP loading
are shown in Figure 8. The thermograms of nanocomposites at
1.0 and 2.0 wt % NP are also shown in Figure S3. The
calorimetric parameters are summarized in Table 2.With the
incorporation of NPs in PBAT matrixes, both T,, and AH,,
changed slightly. Regardless of the nature and composition of
the NPs, the T, of the nanocomposites shifted gradually to
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lower temperatures with higher NP loading, from 80.9 down to
73.8 °C. The change in crystallinity was relatively minor,
similar to other PBAT nanocomposite systems previously
reported.”’ " Except for the MNP samples, the increase of the
T, values upon inclusion of nanofillers was also observed,
particularly for composites with MixNP, which is attributed to
the interaction between NPs and PBAT to constrain the
polymer chain mobility.

Properties of PBAT Nanocomposite Films. A potential
application for PBAT nanocomposites is to be used as
biodegradable UV blocking films for light-sensitive product
packaging. To investigate the UV-blocking properties of the
nanocomposites, thin films (approximately SO ym thickness)
were prepared by compression molding and analyzed using
UV—vis spectroscopy to examine the UV blocking capacity. As
shown in Figure 9, PBAT had poor UV barrier properties
toward the UVA range (320—400 nm, but absorbed 92% of
UVB light (280—320 nm) and all the range below due to its
benzene rings and carbonyl groups.”” The PBAT nano-
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Table 2. TGA and DSC Results of PBAT As-Prepared and
Its Nanocomposites

TGA DSC

T;s Char T,  AH, T,  AH,
sample  (°C) (%) (°C) (/g) T,(°C) (°C)  (/g)
PBAT 3692 40 798 131 =353 1187 85
LNP- 3767 34 781 137 342 1199 79
0.5%
LNP- 3765 33 783 135  —327 1202 86
1.0%
LNP- 3765 34 776 137  —332 1199 85
2.0%
LNP- 3715 40 738 125 —325 1178 91
5.0%
LMNP- 3758 35 794 135 —333 1200 81
0.5%
LMNP- 3753 34 782 134 —350 1188 85
1.0%
LMNP- 3747 35 767 131  —343 1193 83
2.0%
LMNP- 3706 38 746 122  —342 1174 88
5.0%
MixNP- 3752 37 796 139  —329 1197 88
0.5%
MixNP- 3744 3.5 792 148  -322 1188 86
1.0%
MixNP- 3734 37 782 132  —326 1185 89
2.0%
MixNP- 3718 41 757 124 =317 1180 83
5.0%
MNP- 3625 41 808 109 —356 1193 6.7
0.5%
MNP- 3712 42 802 116  —354 1185 74
1.0%
MNP- 3727 41 797 111 -355 1184 72
2.0%
MNP- 3728 42 788 109  —348 1188 7.4
5.0%

composites exhibited better UV barrier properties than PBAT
(Figure 9a,ce,g), and their UV absorptions were reinforced
with increasing the NP loading, similar to what was previously
reported.él_é4 For samples containing LNP, LMNP, and
MixNP, more than 98% of UVB and approximately 80% of
UVA light was blocked with 1.0 wt % NP loading. When the
NP content was increased to S wt %, the absorptions of UVA
reached 93—98%. The transparency of the films was also
examined. The optical transmittance of neat PBAT was 66% at
550 nm as shown in Figures 9 and S4 and then declined upon

the blending of NPs. The LNP at 5 wt % loading had a
transparency of 49%, while the values were roughly halved for
the LMNP and MixNP composites. In the case of PBAT—
MNP films, almost all the UVB lights were blocked. When
MNP loadings were more than 1.0 wt %, the absorption of
UVA light also reached to nearly 99%. However, the
transparency deceased dramatically to only 6%. The films
were completely dark.

The nanocomposite films were irradiated for 40 h under UV
using a xenon lamp, and their UV—vis light transmittances
were analyzed to evaluate the UV blocking properties (Figure
9b,d,f). Due to the extra crystallization induced by photo-
degradation,65 the transmittance of the PBAT film within the
UV-—vis region decreased slightly during UV exposure. The
LNP composite films at 1.0—5.0 wt % NP loadings exhibited a
gradual reduction in their UV blocking capabilities, from 80—
93% down to 58—81%, in UV-A range after the irradiation,
suggesting that lignin photodegraded under UV lights.”*® The
LMNP and MixNP composites exhibited higher retention of
UV absorbance than PBAT—LNP after 40 h of irradiation and
absorbed 92—94% UV-A light at S wt % NP loadings. At lower
NP contents, the PBAT—LMNP still exhibited higher UV
absorptions than their PBAT—MixNP counterparts. For
samples with MNP, good UV blocking remained after 40 h
UV exposure. It is no doubt that PDA plays a crucial role in
preventing lignin from photodegradation. The core—shell
structure further enhances the lignin photostability.

The evaluation of mechanical properties under UV exposure
provides direct evidence for the materials durability. The
mechanical properties of the PBAT nanocomposites before
and after the 40 h of UV irradiation were investigated by
tensile testing at room temperature, as shown in Figure 10.
The mechanical property results are summarized in Table SI.
The tensile strength (o), Young’s modulus (E), and elongation
at break (&) of neat PBAT films were 22 MPa, 49 MPa, and
522%, respectively. The stress—strain curves in Figure SS show
that all the films performed tensile behaviors of crystallizable
ductile polymers, with the yielding and necking followed by the
strain hardening.

The PBAT—-LNP nanocomposite films showed higher
stiffness, tensile strength, and elongation at break than those
of neat PBAT. In general, rigid nanofillers in soft matrixes
improve the stiffness and tensile strength, while reducing the
elongation properties.””®® Similar behaviors have been
reported previously in PLA composites containing lignin
NPs %!

a) Cooling at -10 °C min™

b) Heating at 10 °C min™

PBAT

PBAT
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Figure 8. (a) Cooling and (b) second heating DSC curves for PBAT as-prepared and PBAT—LNP, PBAT—LMNP, PBAT—MixNP, and PBAT—

MNP nanocomposites with 0.5 and 5.0 wt % NP loadings.
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Figure 9. Transmittance of neat PBAT and PBAT nanocomposite films prior to and subsequent to 40 h of UV irradiation: (a and b) PBAT—LNP,
(c and d) PBAT-LMNP, (e and f) PBAT—MixNP, and (g and h) PBAT—MNP composites.

The incorporation of LMNP into the PBAT matrix
enhanced the mechanical properties of the films even more
than that of LNP, due to the higher rigidity of LMNP
comparing to LNP as revealed by SEM images in Figure la.
The & of PBAT—LMNP blends reached a maximum value
612% at 2.0 wt % LMNP loadings and decreased with
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increasing loading of NPs, which is in contrast to the increased
€ values with high NP loading in the PBAT—LNP. PBAT—
MixNP films showed a slightly higher stiffness than neat PBAT,
but their tensile strength and elongation at break barely
changed. PBAT—MNP composites showed high E values (66—
82 MPa) and relatively high ¢ and ¢ at lower MNP contents. It
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Figure 10. Tensile properties of neat PBAT and PBAT nanocomposite films before and after 40 h of UV irradiation: (a and d) tensile strength, (b

and e) Young’s modulus, and (c and f) elongation at break.

is no surprise considering that it contains the highest amount
of rigid nanoparticles among all samples.

After being exposed under UV light for 40 h, neat PBAT
showed deteriorated mechanical properties. The samples
containing 0.5—-2.0 wt % LNP could retain their tensile
strength ¢ and elongation at break & after UV exposure.
However, for a loading of 5.0 wt % LNP, the mechanical
properties could not be retained, and ¢ decreased from 610%
to 400%. Similar results have been observed in PLA, PE, and
PP composites with lignin.”**”*° PBAT—LMNP nanocompo-
sites showed greater tensile property retention than PBAT—
LNP composites with almost unchanged & subsequent to UV
irradiation, especially the composite at 5 wt % NP loadings,
despite a very low content (0.28—0.70 wt %) of PDA. When
the MixNPs and MNPs were blended into PBAT, regardless of
the particles load, all the nanocomposites exhibited similar
deteriorated tensile properties after UV irradiation. The
findings are quite surprising because the PBAT—MNP
nanocomposites contained the highest PDA content among
all their counterparts. It demonstrates that a synergistic effect
exists between PDA and lignin. The PDA layer inserted
between PBAT and lignin stabilizes both polyester and LNP,
and the existence of lignin improves the compatibility between
PDA and PBAT, thus prolonging PBAT lifetime under UV
exposure.

B CONCLUSIONS

Core—shell lignin—melanin nanoparticles LMNP were synthe-
sized through spontaneous deposition of polydopamine PDA
on the surface of lignin nanoparticles LNP via a nano-
precipitation method. Successful deposition of 14 wt % PDA
layer on LNP was confirmed with XPS, FTIR, and EA. The
LMNP were proved to possess better thermal stability than
LNP. A series of PBAT-based nanocomposites were fabricated
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by compounding commercial PBAT with LNP, LMNP,
MixNP, and MNP through melt extrusion. SEM demonstrated
the uniform distribution and dispersion of the NPs throughout
the PBAT matrix with slight agglomeration with MNP. PBAT
nanocomposite films prepared by hot pressing not only
showed an overall improvement in mechanical properties but
also appreciable UV barrier properties, blocking nearly all the
UV-A and over 90% UV-B light without severe sacrifice of
optical transmittance. After 40 h of UV irradiation, PBAT—
LMNP films exhibited a clear superiority over the other three
systems, both in maintaining the UV shielding efficiency and
the desirable mechanical performance. This study provides a
promising solution to obtain novel cost-effective nanofillers
with attractive functions and biodegradability, endowing the
biodegradable PBAT films with enhanced mechanical, UV-
barrier capacity and durability as well as biodegradability and,
therefore, better potential in packaging or agricultural
applications.
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